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ABSTRACT

4-demethoxy-3*-deamino-3*-aziridinyl-4 *-methylsulphonyl-daunorubicin
(PNU-159548) belongs to a novel class of antitumor compounds (termed
alkycyclines) and is currently undergoing Phase II clinical trial. In the
present study, we investigated thein vitro and in vivo antitumor activity,
the pharmacokinetics, and the toxicological profile of this compound.
PNU-159548 showed good cytotoxic activity in murine and human cancer
cells growing in vitro, with an average concentration for 50% growth
inhibition of 15.8 ng/ml. The drug showed strong antitumor efficacy in
vivo after i.v. and p.o. administration against rapidly proliferating murine
leukemias and slowly growing transplantable human xenografts. At non-
toxic doses, PNU-159548 produced complete regression and cures in ovar-
ian, breast, and human small cell lung carcinomas. Fourteen of 16 models
studied, including colon, pancreatic, gastric, and renal carcinomas, astro-
cytoma and melanoma, were found to be sensitive to PNU-159548. In
addition, PNU-159548 was effective against intracranially implanted tu-
mors. Toxicological studies revealed myelosuppression as the main toxic-
ity in both mice and dogs. The maximum tolerated doses, after a single
administration, were 2.5 mg/kg of body weight in mice, 1.6 mg/kg in rats,
and 0.3 mg/kg in dogs. In the cyclic studies, the maximum tolerated doses
were 0.18 mg/kg/day (cumulative dose/cycle: 0.54 mg/kg) in rats and 0.05
mg/kg/day (cumulative dose/cycle: 0.15 mg/kg) in dogs. PNU-159548
showed minimal cardiotoxicity, when compared with doxorubicin in the
chronic rat model at a dose level inducing similar myelotoxicity. Animal
pharmacokinetics, carried out in mice, rats, and dogs, was characterized
by high volumes of distribution, plasma clearance of the same order of the
hepatic blood flow, and short terminal half-life. These findings support the
conclusion that PNU-159548 is an excellent candidate for clinical trials in
the treatment of cancer.

INTRODUCTION

The search for new antitumor drugs has been directed at finding
compounds having a novel mechanism of action, activity against
resistant cancers, and a higher therapeutic index. One of the strategies
we used was to build a new class of derivatives by modifying the
anthracycline structure. Anthracyclines have gained a major place in
cancer treatment, with activity demonstrated in a wide spectrum of
tumors. Because toxic side effects (mainly the dose-related cardio-
myopathy) and primary or secondary resistance (mainly MDR3-1 or

MDR-associated proteins) limit their value as anticancer agents (1–8),
extensive research has been directed toward means of reducing tox-
icity and increasing activity. It was shown that substitution in the
sugar at position C-39 is critical for the ability of drugs to interfere
with DNA topo II (9, 10), and that the configuration of C-39-NH2 is
fundamental for the ability of drugs to overcome MDR (11–15).

To generate novel compounds with potentially improved charac-
teristics, alkylating substituents were introduced at position C-39 of
the amino sugar of idarubicin, a second-generation anthracycline used
in clinical practice (16, 17). A hindered withdrawing group, such as a
methylsulphonyl substituent, was attached at position C-49 of the
sugar moiety to increase lipophilicity and to reduce the chemical
reactivity of these molecules. This new class of derivatives were
found to alkylate DNA and showed highin vitro and in vivo activity
on sensitive and resistant tumor models (18–22).

The leading compound of this new class is PNU-159548. It was
selected for clinical trials because of its outstanding antitumor activity
in a number of preclinical tests and its favorable toxicity profile, and
it is currently undergoing Phase II clinical evaluation. DNA interac-
tion studies have established thatin vitro the primary effect of PNU-
159548 is a DNA alkylation with sequence specificity similar to that
of conventional nitrogen mustards (20). Furthermore, despite its an-
thracycline backbone and its ability to alkylate N7 guanine in the
DNA, PNU-159548 is highly activein vitro andin vivoagainst tumors
expressing the MDR phenotype and on cells resistant to alkylating
agents4. We report here the pattern ofin vitro and in vivo antitumor
activity of PNU-159548 on murine and human tumors and its pre-
clinical pharmacokinetics and toxicological profile.

MATERIALS AND METHODS

Drugs

PNU-159548 and DX were synthesized by the Pharmacia Corpo-
ration (Milan, Italy). The chemical structure of PNU-159548 is re-
ported in Fig. 1. m-AMSA was purchased from Sigma Chemical Co.
(St. Louis, MO). PNU-159548 was dissolved in Cremophor/ethanol
6.5:3.5 v/v or Tween 80 10%, as a powder, or was reconstituted in
sterile water as a pharmaceutical formulation (freeze-dried colloidal
lipid dispersion formulation). The compounds were dissolved and
diluted just before use.

Cell Lines

The human lymphoblastic leukemia cell line (CEM) was grown in
Eagle’s MEM (Life Technologies, Inc.). The human T-cell leukemia
(Jurkat), the human ovarian carcinoma (A2780), the murine lympho-
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cytic leukemia (L1210), and the murine melanoma (B16F10) cell lines
were maintained in RPMI 1640 (Life Technologies, Inc.). The human
colon carcinomas (HT-29 and LoVo) cell lines were grown in Ham’s
F-12 (Life Technologies, Inc.) and the human prostatic carcinoma
(DU 145) in DMEM (Bio Wittaker). All cell lines were maintained at
37°C, 5% CO2 in media supplemented with 10% FCS.

In Vitro Cytotoxicity

In vitro drug sensitivity was determined for HT-29, LoVo, A2780,
DU 145, and B16F10 cells according to the sulphorodamine B assay
(23). Exponentially growing cells were seeded 24 h before treatment,
exposed to drug for 1 h, and then incubated in drug-free medium for
24 h. Drug effect against CEM, Jurkat, and L1210 cells was evaluated
by counting surviving cells on a Coulter ZM Cell Counter (Coulter
Electronics, Hialeah, FL). Exponentially growing cells were seeded
and exposed to various concentrations of drug for 1 h immediately
after seeding, than cells were washed and incubated for 72 h in
drug-free medium. The antiproliferative activity of the drug was
calculated from dose-response curves and expressed as IC50. All
assays were repeated at least three times, and each time consisted of
six replicates.

Flow Cytometry

HT-29 cells were treated, 24 h after seeding, with nocodazole (75
ng/ml; SIGMA, St. Louis, MO) and incubated overnight at 37°C.
After “mitotic shake off,” synchronized (nonadherent) cells were
collected. Cells were washed with PBS, seeded (13 105 cells/ml) in
complete medium, and treated with PNU-159548 and DX. After 8-
and 24-h treatment or 8-h drug exposure plus 16 h in drug-free
medium, cells were collected, fixed, and processed as described
previously (24). cytofluorometric analysis was performed using a
FACScan (Becton Dickinson, San Jose, CA). Cells (104cells/sample)
were analyzed, and the fraction of cells in G0/G1, S, and G2-M phases
was estimate by using Cell Quest (Becton Dickinson) and Modfit LT
(Verity Software House, Inc., Topsham, ME) programs.

Topo II Assay

PNU-159548 was serially diluted and incubated with 250 ng of
pRYG plasmid DNA (TopoGEN, Inc.) in the presence of 4 units of
purified human DNA topo II. After a 30-min incubation at 37°C, the
reaction was stopped by adding SDS (final concentration 10%) and
proteinase K (final concentration 50mg/ml), and the samples were
loaded on 1% agarose gel to separate supercoiled from open circular
and linear DNA. m-AMSA and DX were used as positive controls.

Animals

Female inbred DBA/2 and BALB/c3DBA/2 (CD2F1) mice 2–3
months of age, weighing 20–22 g, were used for murine leukemias.
They were kept under standard laboratory conditions. Female nude

Swiss Nu/Nu and HSD:Nu/Nu mice, 4–6 weeks of age and weighing
20–25 g, were used in experiments with human tumors. They were
maintained under specific pathogen-free conditions and provided ster-
ile food and waterad libitum. Male and female Crl:CD-1(ICR)Br
mice, Crl:CD(SD)Br rats, and beagle dogs were used for pharmaco-
kinetics and toxicological studies. Charles River (Calco, Lecco, Italy)
supplied rodents; dogs were purchased from Green Hill (Montichiari,
Brescia, Italy). Animal health was routinely tested for the absence of
antibodies to a panel of pathogens, including mouse hepatitis virus,
Sendai virus, andMycoplasma pulmonis.

Tumor Models

P388 and L1210 murine leukemias and MX1 human mammary
carcinoma were from the National Cancer Institute (Frederick, MD).
Human lung (N592, A549, and H460), colon (HCT-116, HT-29, and
LoVo), and prostatic (DU 145) carcinomas were from American Type
Culture Collection (Rockville, MD). Human pancreatic (CAPAN 1)
and renal (Caki-2) carcinomas were distributed by Istituto Zooprofi-
lattico Sperimentale della Lombardia e dell’Emilia (Brescia, Italy).
Human astrocytoma (U-87 MG) was purchased from the European
Collection of Animal Cell Culture. Human ovarian (A2780 and
IGROV 1) and gastric (GTL 16) carcinomas were provided by Dr.
Robert F. Ozols, National Cancer Institute, Dr. Jean Be´nard, Istitute
Gustave Roussy (Villejuif Cedex, France), and Prof. Paolo Comoglio,
University of Turin (Turin, Italy), respectively. Human ovarian car-
cinoma (MRI-H-207) and melanoma (M-14) were provided by Dr.
Gabriella Pezzoni (Milan, Italy).

L1210 and P388 leukemias were maintained by weekly i.p. trans-
plants of 105 and 106 cells/mouse, respectively, in DBA/2 mice,
according to Geranet al. (25). For experiments, CD2F1 mice were
injected i.v. with 105 (L1210) or 106 (P388) cells/mouse or intracra-
nially with 104 cells/mouse.

The human solid tumors were transplanted s.c. on athymic mice
using 15–20 mg of tumor brei or maintainedin vitro as continuos
cultures. For drug testing, fragments of tumors or 53 105 (H460) or
106 (A431, IGROV 1, HCT-116, and DU 145) cells/mouse were
implanted s.c. into the left flank of recipient mice. When the tumor
was palpable (0.2–0.3 g), animals were divided randomly into test
groups consisting at least of six mice each (day 0).

Drug Administration and Testing

Antitumor Activity. Drug was administered i.v. or p.o. (by stomach tube)
in a volume of 10 mg/kg of body weight, from day 0, according to the indicated
schedules. Toxicity was evaluated on the basis of weight loss and gross
autopsy findings, mainly in terms of reduction in spleen and liver size.

Drug activity for leukemia models was calculated as ILS of treated animals
compared with the control group.

For solid tumors, the length (L) and width (W) of the solid tumor mass were
measured by caliper twice weekly and the tumor volume (TV) was calculated
as:TV 5 (L 3 W2)/2. The tumor volume at dayn was expressed as relative
tumor volume (RTV) according to the following formula:RTV 5 TVn/TV0,
whereTVn is the tumor volume at dayn andTV0 is the tumor volume at day
0. The percentage of tumor growth inhibition (T/C%) was determined by
calculatingRTVas:T/C% 5 1003 (meanRTVof treated group)/(meanRTV
of control group). According to the National Cancer Institute standards (25,
26), a T/C#42% is the minimum level for activity. A T/C,10% is considered
a high activity level.

The tumor cell kill was calculated from the following formula: log cell
kill 5 T 2 C (3.323 Td), whereT 2 C is the median time (in days) required
for the treatment-group tumors less the median time required for the control-
group tumors to reach a predetermined size (usually 1 g), andTd is the tumor
volume doubling time, in days, measured from a best-fit straight line of the
control group in exponential growth. The compound was considered active

Fig. 1. Chemical structure of PNU-159548.
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when the log cell kill value was.0.7. Tumor-free survivors (90 days after
tumor implant) are excluded from these calculations and tabulated separately.

Acute and Chronic Toxicity. Single- and repeated-dose toxicity studies in
rodents and nonrodents were carried out to investigate both the early and the
delayed toxicity of PNU-159548 after i.v. administration. Drug toxicity was
evaluated after single injections in mice, rats, and dogs; chronic toxicity studies
were performed by administering the drug to rats and dogs for 3 consecutive
days every 4 weeks for a total of seven cycles. Table 1 summarizes the number
of animals and the doses tested for each study. Control groups were given the
vehicle. The animals were checked daily for mortality, behavior, and general
condition. Clinical observations and laboratory examinations were performed
during the study. A postmortem examination was performed on all animals.
Organs were collected and examined histologically.

A chronic cardiotoxicity study was performed in rats. Thirty-six male
rats/group received PNU-159548 for 7 consecutive weeks (Table 1). DX was
tested as a positive control at the dose of 1 mg/kg/week (the cumulative dose
of 7 mg/kg was equimyelotoxic to the dose of 0.5 mg/kg/week of PNU-
159548). Six rats/group were sacrificed at weeks 4, 8, 12, 22, 27, and 35 for
laboratory (hematology, clinical chemistry, and urinalysis) and histological
(heart) examinations. Myocardial lesions were assessed in semithin sections
using a qualitative-quantitative score. The cardiomyopathy was expressed, as
described previously (27), as MTS that represents the product of severity and
the extent of the cardiac damage in each animal.

Pharmacokinetics. The systemic exposure and the drug disposition of
PNU-159548 were evaluated after single i.v. administration in mice, rats, and
dogs. Blood (0.5 ml) was withdrawn into heparinized syringes at the following
times: (a) pre-dose; (b) 5 and 30 min after administration; and (c) 1, 3, 6, 24,
30, and 48 h after administration. Samples were collected in precooled hepa-
rinized tubes, placed immediately in an ice/water bath, centrifuged at 12003 g
for 10 min at 4°C, and frozen at280°C until analysis. PNU-159548 was
assayed by HPLC coupled with tandem mass spectrometry using Turbo Ion-
Spray interface (lower limit of quantitation: 0.25 ng/ml; total run time: 6 min).
Pharmacokinetic data analysis was carried out using a noncompartmental
approach with the aid of the WinNonlin package (Scientific Consulting, Inc.).

RESULTS

In Vitro Antiproliferative and Cell Cycle Effects

The growth of a panel of human and murine tumor cells in the presence
of different concentrations of PNU-159548 or DX is shown in Fig. 2.
PNU-159548 showed dose-dependent antiproliferative activity; the IC50

values of PNU-159548 after 1 h exposure ranged from 1.2 to 81.1 ng/ml.
Under these experimental conditions, the compound is more potent than
DX (IC50s5 72–1365 ng/ml). PNU-159548 seemed to be more effective
against proliferating leukemias (Jurkat, L1210, and CEM) than against
human ovarian (A2780), colon (LoVo, HT-29), and prostatic (DU 145)
carcinomas and murine melanoma (B16F10) cells.

The effect on cell cycle progression has been investigated by flow
cytometry on M-phase synchronized (nocodazole-treated) HT-29 cells
exposed to equicytotoxic concentrations of PNU-159548 (5 ng/ml)
and DX (200 ng/ml). A significant effect on the cell cycle progression
was observed with both compounds after 24 h treatment or 8 h
treatment plus 16 h recovery in drug-free medium (Fig. 3). PNU-
159548 induced an accumulation of cells in S phase (58.6% after 24 h
and 56.5% after 8 h treatment1 16 h recoveryversus26.3% of
control cells), with a corresponding reduction of cells in G1 and G2-M.

Conversely, DX induced an accumulation of cells in G2-M (41.5%
after 24 h and 45.7% after 8 h treatment1 16 h recoveryversus
19.6% of control cells), with a corresponding reduction of cells in G1

phase. Similar results were obtained testing the effect of PNU-159548
on asynchronous A2780 cells (data not shown).

Topo II Inhibition

The inhibitory properties of PNU-159548 (1–10mM) were tested in
comparison to DX (1–10mM) and m-AMSA (125 mM; Fig. 4).
PNU-159548 did not inhibit catalytic activity under conditions in
which DX and m-AMSA were effective. PNU-159548, at the highest
tested dose, gave a slightly altered pattern of migration of DNA that
was, however, different from that produced by control drugs. The
slightly retarded migration is likely to be attributable to the heavy
alkylation and adduct formation produced by the compound, as al-
ready reported (20).

These results are in accordance with the lack of cross-resistance
observed for PNU-159548 on tumor cells selected for resistance to
topo II inhibitors4 (28).

In Vivo Studies

The initial in vivo evaluation of PNU-159548 was conducted with
L1210 leukemia by testing the i.v. and, considering its high lipophi-
licity, the p.o. administration routes. As shown in Table 2, comparable
antitumor activity was observed after i.v. administration and, although
at 3-fold higher doses, after p.o. administration, in accordance with
the oral bioavailability of PNU-159548 [F% (absolute oral bioavail-
ability) 5 44 6 14].

The spectrum of antitumor efficacy of PNU-159548 against human
tumor xenografts was tested on a panel of tumors having different
histological origin, growth rates, and sensitivity to conventional anti-
cancer drugs (Tables 3 and 4). We examined the efficacy of PNU-
159548 using an intermittent i.v. schedule every 4 or 7 days; thera-
peutic results are presented in terms of maximum effect obtained, and
the dose yielding the activity is the optimal dose. PNU-159548 was
found active at the dosage of 2–2.7 mg/kg/injection on fourteen of
sixteen models evaluated, being responsive according to the National
Cancer Institute standards (25, 26), with T/Cs#42%. Overall, the
most sensitive (T/C,10% and tumor-free survivors) solid tumors
evaluated were the ovarian (A2780 and MRI-H-207), breast (MX1),
and small cell lung (N592) carcinomas. The other tumors tested,
including ovarian (IGROV 1), lung (H460 and A549), colon (HCT-
116 and HT-29), gastric (GTL 16), pancreatic (CAPAN 1), and renal
(Caki-2) carcinomas, melanoma (M-14), and astrocytoma (U-87 MG)
responded to a lesser extent to PNU-159548 with T/C levels in the
range of 21 to#42%. Finally, PNU-159548 was inactive against
colon (LoVo) and prostatic (DU 145) human carcinomas. As for
toxicity in tumor-bearing mice, reported optimal doses resulted in a
mean weight loss nadir of#20%. On the basis of these findings,
PNU-159548 showed a spectrum and a degree of antitumor efficacy
comparable with or superior to that of clinically useful antitumor
agents (Table 4).

Table 1 Experimental scheme of PNU-159548 toxicological studies

Study Administration schedulea PNU-159548 Species No. animals/sex

Single dose 31 2.5–3.5–4.5–5.8–7.5 mg/kg Mouse 10
Single dose 31 0.8–1.6–3.2 mg/kg Rat 10
Single dose 31 0.1–0.3–0.6 mg/kg Dog 1
Repeated dose (cyclic) (Daily3 3 every 4 weeks)3 7 0.05–0.18–0.6 mg/kg/day Rat 20
Repeated dose (cyclic) (Daily3 3 every 4 weeks)3 7 0.025–0.05–0.1 mg/kg/day Dog 6
Chronic cardiotoxicity Weekly3 7 0.12–0.25–0.5–0.75–1 mg/kg/week Rat 36

a Treatment was given i.v.
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PNU-159548 antitumor activity was also tested against intracrani-
ally implanted P388 leukemia (Table 5) using a day-1, -5, and -9 i.v.
schedule. Unlike DX, PNU-159548 was found to be active with an
ILS of 46%, because of its lipophilic nature and its ability to cross the
blood-brain barrier.

We examined then PNU-159548 for schedule-dependency on N592
human SCL carcinoma, giving the compound (daily35) 3 2 weeks,
every 4 days3 6 administrations (q4d36) and weekly3 4 admin-
istrations (q7d34; Table 6). Although no significant differences in
antitumor activity were observed, based on the percentage of tumor-

Fig. 2. Antiproliferative activity of PNU-159548 (filled circle with solid line) and DX (filled circle with broken line) against a panel of cancer cells. Each cell line was treated for
1 h. Cell growth was determined as described in “Materials and Methods.”Values, means6 SE of at least three experiments, each consisting of six replicates.
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free mice and tolerability, the best treatment regimen was weekly
(q7d34) where PNU-159548, at a total tolerated dose of 11 mg/kg,
showed 100% tumor-free mice. Furthermore, there was tumor growth
inhibition within the treatment dose range, indicating that PNU-
159548 has a rather wide therapeutic window.

Toxicity Profile

Preclinical general toxicology studies of PNU-159548 have been
carried out in mice, rats, and dogs, testing single and repeated i.v.-
administered doses (Table 1).

Early toxicity. After single i.v. administration, the MTDs, defined as
the dose level inducing a moderate (50–60%) decrease in leukocyte and

platelets without other main side effects, were 2.5 mg/kg in mice, 1.6
mg/kg in rats, and 0.3 mg/kg in dogs. In the repeated-dose studies, the
MTDs were 0.18 mg/kg/day (cumulative dose/cycle5 0.54 mg/kg) in
rats and 0.05 mg/kg/day (cumulative dose/cycle5 0.15 mg/kg) in dogs.
In all species, the hemolymphopoietic system was, as expected for a
cytotoxic agent, the main target organ; and, in those species in which the
compound was given at lethal doses,i.e., mice and rats, myelosuppres-
sion was considered to be the most probable cause of death. Peripheral
leukocytes and platelets were mainly affected, with variable times of
nadir (days 5–7 in mice and rats and day 11 in dogs after a single
administration; Table 7) and days 10–15 in both rats and dogs in the
chronic studies. Erythroid series appeared less sensitive to the cytotoxic
effects of PNU-159548 and were marginally affected. The myelotoxicity
induced by the compound was transient, and all changes observed proved
to be almost completely reversible by 2–4 weeks after treatment. In acute
studies, postmortem examination revealed small spleens and thymuses in
mice and rats, whereas enlarged spleens were seen in rats after repeated
administration. This last finding is to be ascribed to an increased ex-
tramedullary hematopoiesis, which is a particularly effective compensa-
tory mechanism in rodents.

Changes in male reproductive organs (i.e., testicular atrophy) were
observed in mice at all doses and in rats from 1.6 mg/kg. Gastroin-
testinal involvement (episodes of emesis, diarrhea, mucoid or dark
feces, and/or reduced food consumption) was observed in rats and in
dogs. A functional involvement of the liver or the kidney was seen in
rodents after a single administration of PNU-159548 only at dose
levels at or above the LD50. The above changes were transient and
never associated with morphological changes.

Delayed Toxicity (Cardiomyopathy). The chronic cardiotoxicity
study was performed in rats, administering PNU-159548 (weekly for
7 consecutive weeks) and DX as the reference drug (27). Myocardial
lesions were assessed in semithin sections using a qualitative-quanti-
tative score (MTS). At equimyelotoxic doses, the histological exam-
ination of the hearts indicated that PNU-159548 was markedly less
cardiotoxic than DX, with an MTS of 0.2 for PNU-159548 (0.5
mg/kg/week) and 5 for DX (1 mg/kg/week; Fig. 5).

Pharmacokinetics

The pharmacokinetics of PNU-159548 as freeze-dried colloidal
lipid dispersion formulation has been investigated in mice, rats and
dogs after single i.v. administration (Table 8). BothC5 minandAUC(0-
tz) increased with the dose without significant deviations from dose-
linearity or gender/species differences. Similar systemic exposure was
found in rats and dogs after repeated (5-day or cyclic) administrations
(data not shown). At the MTDs, the maximum PNU-159548 concen-
trations after i.v. bolus were 1454–1974, 1092–796 and 183–160
ng/ml in mice, rats, and dogs, respectively. The corresponding AUCs
were 696–860, 395–293, and 117–114 ngzh/ml, respectively. Because
of its high lipophilicity, PNU-159548 was characterized by volumes
of distribution largely exceeding total body water, indicating an im-
portant distribution into tissues. The systemic clearance was high and
at least of the order than the hepatic blood flow in the corresponding
animal species, and the terminal half-life was short in all species
investigated.

Fig. 3. Effects on the cell cycle of HT-29 cells treated with PNU-159548 and DX.
HT-29 cells were synchronized with nocodazole as described in “Materials and Methods.”
Immediately after nocodazole removal, cells were treated with PNU-159548 (5 ng/ml) and
DX (200 ng/ml). Effects on the cell cycle were determined after 8- and 24-h treatments
and after 8-h treatment and then 16-h recovery in drug-free medium. Percentage of cells
in each phase of the cell cycle:̀, G0/G1; f, S; andM, G2-M.

Table 2 Activity of PNU-159548 against disseminated L1210 murine leukemiaa

Route Dose (mg/kg) ILS% TOXb

i.v. 3.8 101 0/17
4.9 76 8/16

p.o. 11.7 108 0/10
17.5 100 2/10

a Cells (105)/mouse transplanted i.v. on day 0; drug was administered on day 1.
b Number of toxic deaths/number of mice evaluated in tumor-bearing mice.

Fig. 4. Effect of PNU-159548 on topo II activity. DNA was incubated with PNU-
159548 (1–10mM) for 30 min in the presence of 4 units of topo II, as described in
“Materials and Methods.” As positive controls, DX (1–10mM) and m-AMSA (125mM)
were used.
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DISCUSSION

The insertion of an alkylating moiety on the amino sugar of an
anthracycline structure led to a novel class of DNA-interacting anti-
tumor agents (20). PNU-159548 is a new synthetic compound of this

class, characterized by the presence of an aziridinyl group at position
C-39 of the amino sugar of idarubicin, a second-generation anthracy-
cline used in clinical practice (16, 17). Moreover PNU-159548 struc-
ture presents a methylsulphonyl group at position C-49, which is

Table 5 Antitumor activity of PNU-159548 and DX on intracranially implanted P388
murine leukemiaa

Compoundb Dose (mg/kg/day) ILS% TOXc

PNU-159548 1.6 18 0/10
2.1 44 0/20
2.7 46 1/20

DX 13 10 0/10
16.9 13 1/10

a Cells (104)/mouse were transplanted intracranially on day 0.
b PNU-159548 was administered i.v. on days 1, 5, and 9; DX was administered i.v. on

day 1.
c Number of toxic deaths/number of mice evaluated in tumor-bearing mice.

Table 6 Influence of treatment schedule on PNU-159548 antitumor activity

N592, human small cell lung carcinoma, was implanted s.c. into athymic mice. When
tumors reached 0.2–0.3 g, animals were divided into test groups (day 0). Drug was
administered i.v. from day 0.

Treatment schedulea Total dose (mg/kg) T/C% Tumor-free miceb (%) TOXc

(Daily 3 5) 3 2 weeks 4 83 0 0/6
6 97 0 0/6
9 100 57 1/14

11 100 29 4/7
q4d36 4 59 0 0/6

6 94 0 0/6
9 100 23 0/13

11 100 43 4/7
q7d34 4 77 0 0/6

6 93 0 0/6
9 100 31 0/13

11 100 100 0/7
13 100 71 2/7

a Administration schedules: (daily3 5) 3 2 weeks, five daily injections3 2 weeks;
q4d36, six injections with a 4-day interval; q7d34, four injections with a 7-day interval.

b Tumor-free survivors 90 days after tumor implant.
c Number of toxic deaths/number of mice evaluated in tumor-bearing mice.

Table 3 Antitumor activity of PNU-159548 against human tumor xenografts

Tumors were implanted s.c. in nude mice. When tumors reached 0.2–0.3 g, animals were divided into test groups (day 0). Drug was administered i.v. from day 0.

Tumor line
Optimal dosea

(mg/kg/day)
Treatment
scheduleb T/C%c

Log cell
kill total

T-C value
(days)d

Tumor-free
survivors/total mice

WL%e

(day of nadir)

Ovarian cancer
A2780 2.5 q4d33 7.1 2.7 20 2/7 19 (18)
MRI-H-207 2.5 q4d33 0.5 8.4 60 2/8 13 (16)
IGROV 1 2.5 q4d33 31 .0.4 .8.5 0/11 20 (26)

Breast cancer
MX1 2 q4d33 0.3 5.8 61 8/18 7 (19)

Prostate cancer
DU 145 2.5 q4d33 50 0.5 10 0/7 19 (27)

Lung cancer
N592 2.7 q7d34 0 .4.8 .64 7/7 20 (32)
H460 2.5 q4d33 42 0.8 9 0/7 19 (24)
A549 2 q4d33 22 1.2 12 0/10 4 (13)

Colon cancer
HCT-116 2.5 q4d33 27 1.0 12 0/7 19 (23)
HT-29 2 q4d33 40 0.4 7 0/10 15 (25)
LoVo 2.5 q7d33 85 0.4 3 0/8 4 (8)

Gastric cancer
GTL 16 2.25 q7d33 39 0.3 4 0/7 18 (26)

Pancreatic cancer
CAPAN 1 2.5 q7d33 22 1.4 23.5 0/7 20 (28)

Renal cancer
Caki-2 2 q4d33 42 1.1 14 0/7 17 (33)

Melanoma
M-14 2.5 q4d33 22 1.2 11 1/7 16 (23)

Astrocytoma
U-87 MG 2.7 q7d34 21 1.8 17 0/8 14 (18)

a Highest nontoxic dose, which is the highest dosage that can be administered without causing death or undue toxicity.
b Administration schedules were abbreviated as: q4d33, 3 injections with a 4-day interval; q7d33 or -34, 3 or 4 injections with a 7-day interval.
c Tumor regression (T/C%) on day 14.
d T-C, tumor growth delay.
e WL%, percentage of weight loss.

Table 4 Preclinical antitumor activity of PNU-159548 on human tumor xenografts in
comparison with conventional drugs

Tumor line

Tumor growth inhibition (T/C% value)a

PNU-159548 DXb Cisplatinb Taxolb CPT-11b

Ovarian cancer
A2780 111 11 11 11 111
MRI-H-207 111 11 NDc 11 11
IGROV 1 1 2 1 ND ND

Breast cancer
MX1 111 11 11 11 11

Prostate cancer
DU 145 2 1 ND ND 1

Lung cancer
N592 111 1 11 ND 11
H460 1 2 2 11 1
A549 11 2 2 11 1

Colon cancer
HCT-116 11 2 2 1 11
HT-29 1 2 2 ND 1
LoVo 2 11 2 2 11

Gastric cancer
GTL 16 1 2 ND ND 11

Pancreatic cancer
CAPAN 1 11 11 ND ND 11

Renal cancer
Caki-2 1 2 2 ND 2

Melanoma
M-14 11 1 11 11 11

Astrocytoma
U-87 MG 11 11 ND 11 11

a Tumor regression (T/C%). Score:2, no activity (T/C.42%);1, mild activity (T/C
#42–.30%); 11, moderate activity (T/C#30–.10%); 111, substantial or curative
activity (T/C #10%).

b DX, 7.5 mg/kg i.v. (q7d33; cisplatin, 4 mg/kg i.v. (q4d33); Taxol, 33 mg/kg i.v.
(q4d33); CPT-11, 50 mg/kg i.v. (q4d36).

c ND, not determined.
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responsible for its high lipophilicity and for an increased stability of
the alkylating moiety (19). Molecular studies have established that the
primary effect of PNU-159548 is the alkylation of guanines at the N7

position in the DNA major groove (20). We identified PNU-159548
by screening several similar compounds, primarily on the basis of the
activity against MDR tumor cellsin vitro andin vivo and on the DNA
interaction mechanism.

In the studies presented here, we evaluated the antitumor activity of
PNU-159548 by anin vitro and in vivo cancer cell line panel and
investigated its mode of action; furthermore, toxicity and pharmaco-
kinetic studies were performed to support its clinical evaluation.

PNU-159548 was found to be cytotoxic against both murine and

human tumor cell linesin vitro. The median concentration of PNU-
159548 required to reduce cell survival by 50% is 15 ng/ml, which is
several times lower than DX (493 ng/ml). This difference is probably
attributable to the high lipophilicity of PNU-159548, which accumu-
lated more quickly in tumor cells.4 Cell cycle kinetic studies with
PNU-159548 clearly indicate an S-phase blockage, which is an un-
common feature on the anthracycline mechanism of action. This last
finding supports further the identification of PNU-159548 as the lead
compound of a novel class of antitumor agents and opens the possi-
bility to investigate innovative combinations with other drugs. As
regards the mechanism of action of PNU-159548, in respect to clas-
sical anthracyclines, the lack of inhibition of topo II activity is a
predictable finding. Previous studies have shown that the presence of
bulky substituents at the C-39 position of the amino sugar prevents
drug stimulation of DNA topo II cleavage (10), and, as reported,
PNU-159548 is effective on cells presenting the topo II-related
MDR.4

The most remarkable feature of PNU-159548 was itsin vivo anti-
tumor efficacy. PNU-159548 possesses a wide spectrum antitumor
activity against rapidly proliferating murine leukemias and on slowly
growing transplantable human tumor xenografts. The high lipophilic-
ity of PNU-159548 plays a role in allowing the molecule to cross the
blood-brain barrier (efficacy against intracranially implanted tumors
has been observed) and to maintain comparable activity after i.v. and
p.o. administration routes. These results supported the selection of
PNU-159548 as a candidate for clinical investigation.

The toxicological profile of PNU-159548 was defined in mice, rats,
and dogs, and target organs were identified after single- and repeated-
cyclic-dose i.v. administrations. The main effects of PNU-159548, as
expected with a cytotoxic antitumor agent that binds covalently to
DNA, are most evident in tissues with high cell turnover. The toxic
effects consist mainly of myelosuppression, lymphoid organ cell
depletion, and intestinal toxicity. These toxic effects are dose related
and reversible. One of the most important problems that has arisen
during the widespread use of DX in cancer chemotherapy is related to
its cardiotoxicity. The risk of congestive heart failure limits the
cumulative dose of DX that can be administered (6). The cardiotox-
icity of anthracyclines observed in most of the species tested in
toxicological studies, and mainly in a chronic rat model, has been
considered predictive for humans (27, 29). PNU-159548 cardiotoxic-
ity, tested in comparison with DX, proved to be negligible.

The pharmacokinetic profile of PNU-159548 is quite different from
that of DX (30), showing a lower volume of distribution and s higher

Table 7 Hematotoxicity of PNU-159548 after single and repeated (cyclic) i.v. administration

Species
Dose

(mg/kg/day)

WBC Platelets

Decrease (%) Nadira (day) Recovery (day) Decrease (%) Nadira (day) Recovery (day)

Mouse, single dose 2.5 55–65 5 22–27 20–30 5 14
4.5 85–90 5 .14b 50–60 5 14

Rat, single dose 0.8 40–50 7 14
1.6 70–80 7 14 60–70 7 14
3.2 93–97 7 14 96–99 7 14

Dog, single dose 0.1 60 11 15–28 30–60 11 15–28
0.3 50–60 11 15–28 50–60 11 15–28
0.6 70–90 11 15–28 97 11 15–28

Rat, repeated dose (cyclic)c 0.18 26–43 10 NDd 0 NA
e

NAe

0.60 90 9 28 .95 10 28
Dog, repeated dose (cyclic)c 0.025 30–54 15 46 20–48 11 28

0.050 54 11 28 49–69 11 28
0.100 79 11 28 62–85 11 28

a Nadir, maximum decrease.
b Last sampling time at this dose was on day 14.
c (Daily 3 3 every 4 weeks)3 7 administrations.
d ND, not determined.
e NA, not applicable.

Fig. 5. Absence of vacuolar degeneration of myocytes after chronic PNU-159548
administration. Several groups of altered myocytes were found after DX (1 mg/kg)
treatment (A); conversely, only sporadic single cells were affected by PNU-159548
administration (0.5 mg/kg;B). Semithin section; toluidine blue,340.
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plasma clearance. These results could, at least partially, explain the
lack of cardiotoxicity of this new derivative.

Although the mechanism of action of PNU-159548 is not yet fully
elucidated, the DNA-interacting characteristics, the effect on cell
cycle, and the activity against tumors resistant to alkylating agents and
MDR-related drugs, support the consideration of PNU-159548 as a
novel cytotoxic antitumor compound with a distinct mode of action.
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Table 8 Plasma pharmacokinetic parameters of PNU-159548 after single i.v. administration to mice, rats, and dogs of both genders

Species
(no. animals/sex)

Dose
(mg/kg)

C5min
a 6 SE

(ng/ml) (M/F)
AUC(0–tz)

b 6 SE
(ngzh/ml) (M/F)

t1/2
c

(h)
VSS

d

(ml/kg)
CLe

(ml/h/kg)

Mouse (10) 2.5 1454.56 359/1974.66 35 696.26 101/860.26 3 0.8 1355 3244
4.5 4884.86 548/5903.76 741 2126.26 160/2442.66 231 5.7 1366 2005
7.5 10772.46 1672/8295.56 835 5792.4/4621.4f 10.1 2574 1440

Rat (10) 0.8 345.26 92/287.26 54 136.36 24/116.86 14 0.7 2029 6327
1.6 1092.96 428/796.66 106 395.46 108/292.96 28 0.85 1219 4751
3.2 3927.86 227/3349.66 876 1353.46 64/1176.86 227 0.8 563 2540

Dog (1) 0.1 64.6/59.4 41.1/52.6 1.15 2734 2115
0.3 183.3/160.7 116.8/113.9 1.9 3033 2483
0.6 344.1/500.7 231/286.1 1.52 2211 2290

a C5min, plasma concentration at the first sampling time (5 min). M, male; F, female.
b AUC(0–tz), area under the curve from 0 to the last sampling time.
c t1/2, terminal half-life.
d VSS, volume of distribution determined at steady state.
e CL, total plasma clearance.
f At 7.5 mg/kg dose level the evaluation of SE of the AUC(0–tz) was not possible because of the death of some animals occurring after the treatment.
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